Here we report an unexpected role for the secreted Frizzled-related protein (sFRP) Sizzled/Ogon as an inhibitor of the extracellular proteolytic reaction that controls BMP signaling during Xenopus gastrulation. Microinjection experiments suggest that the Frizzled domain of Sizzled regulates the activity of Xolloid-related (Xlr), a metalloproteinase that degrades Chordin, through the following molecular pathway: Szl C Xlr C Chd C BMP / P-Smad1 / Szl. In biochemical assays, the Xlr proteinase has similar affinities for its endogenous substrate Chordin and for its competitive inhibitor Sizzled, which is resistant to enzyme digestion. Extracellular levels of Sizzled and Chordin in the gastrula embryo and enzyme reaction constants were all in the 10 ÿ8 M range, consistent with a physiological role in the regulation of dorsalventral patterning. Sizzled is also a natural inhibitor of BMP1, a Tolloid metalloproteinase of medical interest. Furthermore, mouse sFRP2 inhibited Xlr, suggesting a wider role for this molecular mechanism.
INTRODUCTION
Cell differentiation in vertebrate embryos occurs in a stereotypical manner. For example, the mesoderm differentiates from dorsal to ventral into notochord, somite, kidney, lateral plate, and blood tissues. The Spemann organizer, a group of cells on the dorsal side of the gastrula embryo, has proven a fertile ground for discovering novel molecules mediating these dorsal-ventral (DV) cell differentiations (reviewed in De Robertis and Kuroda, 2004) . This dorsal center expresses many secreted antagonists of Bone Morphogenetic Protein (BMP)-Chordin (Chd), Noggin and Follistatin-as well as Wnt antagonists of the secreted Frizzled-related protein (sFRP) family (Rattner et al., 1997; Pera and De Robertis, 2000) , such as Frzb-1, Crescent, and sFRP-2. On the opposite side of the embryo, a ventral center marked by the sFRP Sizzled (Szl) is formed (Salic et al., 1997; De Robertis and Kuroda, 2004) . DV patterning is thought to result from a conversation between the dorsal and ventral centers mediated by diffusible proteins regulating BMP signaling levels . A gradient of BMP activity is set by the dorsal BMP antagonist Chordin, which is in turn inactivated by cleavage at specific sites by Xolloid-related (Xlr), a ventrally produced zinc metalloproteinase Dale et al., 2002) . This biochemical pathway is an ancient one since Drosophila DV patterning is also mediated by interactions between Dpp/BMP, Sog/Chordin, and Tolloid/Xolloid (De Robertis and Kuroda, 2004) .
Extensive genetic screens in zebrafish have identified seven zygotic mutations affecting DV patterning (Hammerschmidt and Mullins, 2002; Schier and Talbot, 2005) . Mutants with exaggerated dorsal structures, such as notochord and neural tissue, were defective in components required for BMP signaling, such as BMP2b, BMP7, the BMP receptor Alk8, Smad5, and Tolloid. Only two ventralizing mutations were found: chordino and ogon/mercedes. The chordino phenotype was caused by mutations in Chordin (Schulte-Merker et al., 1997) and ogon/mercedes by mutations in the zebrafish homolog of Xenopus Sizzled (Yabe et al., 2003; Martyn and Schulte-Merker, 2003) . Mutant ogon embryos had ventralized loss-of-function phenotypes similar to those of the BMP antagonist chordino. In addition, zebrafish studies had shown that the ogon phenotype, like chordino, could be rescued by inhibition of BMP signaling (Hammerschmidt et al., 1996; Miller-Bertoglio et al., 1999; Wagner and Mullins, 2002) . Therefore, the identification of ogon as Sizzled, an sFRP presumed to have Wnt antagonist activities, rather than the BMP inhibitor that was expected, came as a big surprise.
Although Sizzled was initially described as an Xwnt8 antagonist (Salic et al., 1997) , subsequent studies suggested that this was not the case (Bradley et al., 2000; Collavin and Kirschner, 2003; Yabe et al., 2003) . In Xenopus, loss of function using a Szl antisense morpholino oligo (MO) showed that Sizzled functions as a feedback inhibitor of ventral-most mesoderm, causing an expansion of ventral blood islands (Collavin and Kirschner, 2003) . In zebrafish, Szl/ogon transcript levels were greatly increased by point mutations in Szl/ogon itself (Martyn and Schulte-Merker, 2003; Yabe et al., 2003) . Microinjection of zebrafish Szl/ogon mRNA caused strong dorsalization of the embryo. This anti-BMP effect appeared to be mediated by a transcriptional increase in chordin and a decrease in BMP2b expression (Martyn and Schulte-Merker, 2003) , and the effects of injected Szl/ogon mRNA were lost in chordino ÿ/ÿ mutants (Yabe et al., 2003) .
These zebrafish studies concluded that the sFRP molecule Sizzled/ogon functions through an unknown molecular mechanism in a negative feedback loop involving either BMP signaling or an as yet to be identified ventralizing Wnt (Martyn and Schulte-Merker, 2003; Yabe et al., 2003) .
In the present paper, we show that the Sizzled/ogon sFRP protein regulates DV patterning in Xenopus through a novel molecular mechanism: it is a competitive inhibitor of the proteolytic activity of the Xolloid-related enzyme. The protease inhibitory activity maps to the frizzled (Fz) cysteine-rich domain (CRD) of Sizzled. Previously, Fz domains were known to function only as Wnt binding modules (Bhanot et al., 1996; Leyns et al., 1997; Rattner et al., 1997; Povelones and Nusse, 2005) . There are three Tolloid-like genes in Xenopus: Xolloid-related (designated Tolloid-like 1 in mouse and Tolloid in zebrafish), Xolloid (designated Tolloid-like 2 in mouse), and BMP-1 or Procollagen C-Peptidase (PCP). The three enzymes can cleave Chordin, yet Xlr is the most effective. BMP1/PCP and Xolloid are expressed uniformly in the early embryo, whereas Xlr is produced in the ventral region (Goodman et al., 1998; Dale et al., 2002) . In addition to Chordin, BMP1/PCP has other extracellular substrates, such as the Procollagen carboxy-terminal peptide that must be removed before collagen fibers can form (Kessler et al., 1996; Greenspan, 2005) . We found that Sizzled is a very effective inhibitor of BMP1/PCP. We also report that a sFRP from mouse, sFRP2, functions as zinc metalloproteinase inhibitor. Thus, we may have uncovered a more general property of Fz domains. In sum, this work reveals an unexpected role for sFRPs in the regulation of extracellular proteases of the Tolloid family.
RESULTS

Sizzled Regulates Spemann Organizer Signals
In the course of studies on the loss-of-function phenotype of Chordin in Xenopus (Oelgeschlä ger et al., 2003) , we noted that microinjection of antisense Chd MO caused a marked increase in Szl transcripts in early tadpoles (Figures 1A and 1B) . To our surprise, this phenotype was very similar to the one caused by Szl MO (Collavin and Kirschner, 2003) , as shown in Figures 1B and 1C . This remarkable increase of Szl transcripts accrued mainly in ventral and posterior ectoderm ( Figure S1 ). Intrigued by how two secreted molecules that at gastrula are expressed at a considerable distance from each other ( Figure 1D ) produced identical loss-of-function phenotypes, we undertook an investigation of how this works at a molecular level. In Xenopus, a number of secreted proteins are transcribed on the ventral or dorsal centers (Figure 1E ). Sizzled and Chordin presumably function as components of a wider network of secreted proteins that together constitute the molecular machinery of DV patterning.
The activities of Sizzled and of the Spemann organizer are intertwined. In overexpression experiments, Szl mRNA had dorsalizing effects that can be visualized by an expansion of the pan-neural marker Sox2 (Figures 1F and 1G) . In bisection experiments , this neural-promoting (anti-BMP) activity of Szl mRNA was observed in dorsal half-embryos but was without any effect in the ventral half ( Figure 1G ). This indicated that Sizzled does not affect ventral tissues directly and that it requires a functional Spemann organizer in order to be active. Reciprocally, the inductive activity of the Spemann organizer required Sizzled in the responding tissue. When wild-type organizers were transplanted to the ventral side of embryos depleted of Sizzled, the secondary axes developed with reduced amounts of somites and neural tissue, in particular brain and eyes ( Figures 1H and 1I and data not shown). Siamese twins induced by organizer grafts almost invariably formed Y-shaped embryos with two rostral ends and a single tail lacking a ventral fin ( Figure 1H ). In Szl-depleted hosts, the amount of induced central nervous system (CNS) was reduced and the twins adopted an H shape with two well-separated tailbuds, each one with its own ventral fin ( Figure 1I ). The development of the ventral fin requires high BMP signaling levels in zebrafish and Xenopus (Hammerschmidt and Mullins, 2002; . These embryological results suggested that the Spemann organizer requires Sizzled to exert its full activity.
Sizzled Regulates Chordin Degradation
Is Sizzled a BMP or a Wnt inhibitor? Western blots of total extracts of microinjected embryos showed that the levels of phospho-Smad1 were markedly increased at the early gastrula stage by Szl knockdown (Figure 2A , compare lanes 1 and 4), reflecting an increase in BMP signaling (Persson et al., 1998) . The ventral accumulation of Szl transcripts caused by Szl MO is mediated by BMP4 signals ( Figures  2B and 2C) . At gastrula stage, the ventral center was greatly expanded by Szl knockdown, and DV pattern markers (BMP4, Myf-5, Vent-2) indicated increased BMP signals comparable to those caused by knockdown of the BMP antagonist Chordin ( Figure S2 ). On the other hand, Wnt signaling, measured by the levels of b-catenin protein, did not appear to be significantly affected by Szl knockdown or overexpression ( Figure 2A , lanes 4 and 5). Consistent with this, the ventral Sizzled feedback loop was not inhibited by overexpression of the Wnt antagonist Dickkopf-1 or by Xwnt8 MO, as would be expected if Szl functioned principally as an antiWnt ( Figure S3 ). These results showed that endogenous Sizzled functions as a BMP antagonist in Xenopus embryos and failed to reveal any effect on canonical Wnt signaling.
To investigate why BMP signaling is increased in Szl knockdowns, we examined the effects of Szl MO on Chordin levels. Uninjected, Szl MO-, or control BMP2/4/7 MOinjected embryos were dissociated and allowed to secrete Chordin into the medium between gastrula stages 10 and 12 ( Figure 2D ). We found that endogenous Chordin protein levels were decreased in the supernatant of Szl-depleted embryos, while the cell pellets showed abundant chordin mRNA transcripts. This suggested that the stability of Chordin protein might be affected, prompting us to study the effect of Sizzled on the Xlr chordinase.
In vivo, Chordin is under the proteolytic control of Xlr (Figure 2, panel I) , which can release BMPs from a ternary complex of Chd/Tsg/BMP, allowing renewed signaling through cell-surface receptors Dale et al., 2002; . Overexpression of Xlr mRNA phenocopied the loss of Chordin (upregulation of ventral Szl expression), indicating high BMP activity (Figures 2E and 2F ). The effects of Sizzled protein were tested using a protein fused to the immunoglobulin constant region (Szl-Fc), which can be purified on protein A columns to yield samples sufficiently concentrated (2.5 Â 10 ÿ5 M) for biological and biochemical studies. Xenopus Szl-Fc protein dorsalized the embryo and synergized with Chordin when injected into the blastula cavity ( Figure 2H , inset and Figure S4 ). Importantly, the pro-BMP effects of Xlr mRNA were eliminated by Szl-Fc protein microinjection (compare Figures 2E and  2G ). The same amount of Szl-Fc was without phenotypic effect in Chordin-depleted embryos ( Figures 2F and 2H) , confirming the observations of Yabe et al. (2003) .
We then used a dominant-negative form of Xlr (DN-Xlr) to determine whether Xlr function was required for the feedback regulation of Sizzled expression. DN-Xlr mRNA dorsalizes wild-type embryos ( Figure 2J ; Dale et al., 2002) . Remarkably, microinjection of DN-Xlr mRNA was able to block the ventral upregulation of Szl transcripts in Szl MO embryos ( Figure 2K ; compare with sibling Szl MO embryo shown in the inset). Taken together, these in vivo experiments suggest the molecular pathway for DV patterning depicted in Figure 2L , in which Sizzled works as an inhibitor of Xlr.
Sizzled Binds to Xolloid-Related
We next took a direct biochemical approach to determine whether the Sizzled and Xlr proteins interacted with each other. Szl-Fc protein was prebound to protein A beads, incubated with conditioned medium from transfected 293T cells containing Flag-tagged Xlr (Dale et al., 2002) and washed. It was found that Xlr bound to Szl-Fc beads but not to control beads containing secreted Fc fragment alone ( Figure 3A , lanes 1 and 2). In similar conditions, Szl-Fc was unable to bind Chordin, Xwnt8, or the ternary complex of Chd/Tsg/ BMP4 proteins ( Figure 3A , lanes 3-6 and data not shown).
The sFRP protein family has a conserved primary structure with an amino-terminal Fz domain and a carboxy-terminal NTR domain related to the axon guidance molecule Netrin ( Leyns et al., 1997; Banyai and Patthy, 1999) . To determine which domain of Sizzled interacted with Xlr, the molecule was HA-tagged and subdivided into its two domains, Szl-Fz and Szl-NTR ( Figure 3B ). We then used the reciprocal pulldown, in which Xlr tagged with protein C (PC) was bound to Ca 2+ -dependent anti-PC antibody beads (Roche), incubated with full-length or individual domain Sizzled proteins, washed, and then eluted with EDTA (a procedure that circumvented nonspecific binding of Szl to agarose beads). It was found that the Xlr binding region mapped to the Fz domain and not to the netrin domain ( Figure 3C , lanes 2 and 3).
To determine whether the binding between Sizzled and Xlr was direct and in the physiological range, Szl-Fc and Xlr-PC were affinity-purified ( Figure 3D ). Binding affinity was determined by surface plasmon resonance (BIAcore) analysis. Szl-Fc was prebound to protein A crosslinked to the surface of a sensor chip, and changes in the refractive index caused by association of Xlr protein at constant flow (and by its dissociation when washing with buffer alone) were recorded at different Xlr concentrations ( Figure 3E ). From the kinetic rates of association and dissociation, the equilibrium dissociation constant (K D ) was calculated and found to be about 20 nM (19 ± 3.7 nM) Xlr. We conclude that Sizzled binds specifically to Xlr, through the frizzled domain, and within physiological range (2 Â 10 ÿ8 M).
Sizzled Mimicking an ogon Mutation Shows Decreased Binding to Xlr
Zebrafish genetics identified an ogon point mutation in the frizzled domain, in which an aspartate changed into asparagine results in a functionally null Szl/ogon protein (Martyn and Schulte-Merker, 2003; Yabe et al., 2003) . We mimicked this point mutation in Xenopus Sizzled ( Figure 4A ), designated it Szl D92N , and tested its ability to bind to Xlr. As can be seen in Figure 4B , Szl D92N /Ogon-Fc associated with Xlr at a reduced rate when compared to its wild-type counterpart. The K D was calculated at 201 nM, about ten times lower than the affinity of the wild-type Szl protein for Xlr. Importantly, the D92N point mutation completely eliminated the dorsalizing activity of Szl-Fc protein microinjected into the blastula cavity of Xenopus embryos ( Figure 4 , compare E to G). In Szl MO embryos, in which the ventral Sizzled autoregulatory loop is blocked, wild-type Szl-Fc was able to rescue the ventral accumulation of Szl transcripts, but microinjection of the same amount of Szl D92N /Ogon-Fc was without any effect (compare Figure 4F to 4H). We conclude from these experiments that a point mutation in Sizzled that severely decreases its binding affinity for the Xlr metalloproteinase also eliminates its biological activity in embryos.
Sizzled Inhibits Xlr via Its Frizzled Domain
We next investigated whether Sizzled could inhibit the proteolytic activity of Xolloid-related. Proteases of the Tolloid family cleave the Chordin substrate at two conserved sites ( Figure 5A ) Dale et al., 2002) . Our biochemical reaction used affinity-purified Xlr-Flag as the enzyme, Xenopus Chordin produced in baculovirus vector as the substrate, and purified Xenopus Szl-Fc as the inhibitor. Proteolytic digestions were carried out at 25ºC in the conditions described by Piccolo et al. (1997) , and the resulting products analyzed in Western blots using an N-terminal antibody (a-NChd) or a C-terminal Myc tag ( Figures 5A and 5B) . Xlr efficiently cleaved full-length Chordin ( Figure 5B , lanes 1 and 2). Addition of Szl-Fc inhibited proteolytic cleavage in a dose-dependent way, resulting in the stabilization of fulllength Chordin ( Figure 5B, lanes 3 to 8) . Remarkably, all inhibitory activity was lost when the Szl D92N point mutant was used in the same proteolytic reaction ( Figure 5C ). We also investigated which domain of Sizzled contained the Xlr inhibitory activity. Microinjection of mRNAs encoding each domain of Szl showed that the dorsalizing (anti-BMP) activity resided in the Fz, and not in the NTR, domain ( Figure 5D ). In enzyme assays, the NTR domain of Szl did not affect proteolysis of Chordin, while the Szl Fz domain was sufficient to inhibit Xlr activity ( Figure 5E , compare lanes 4 and 5). We conclude that the in vivo phenotypes of Szl can be entirely explained by the metalloproteinase inhibitory activity of its Fz domain.
Sizzled Is a Competitive Inhibitor of Xlr
We next took a more quantitative approach in which digestion products were measured using a chemifluorescent substrate on a Typhoon blot imager. First, we analyzed the kinetics of the enzyme reaction at increasing substrate (Chd) concentrations ( Figure 6A ). From double reciprocal Lineweaver-Burk plots, we determined that the K m (Michaelis constant, the concentration at which 50% of the enzyme is complexed with its substrate) was approximately 25 nM Chd ( Figure 6A ). This compares well to the K m of BMP1/Procollagen C-peptidase on its endogenous substrate Procollagen type I (96 nM; Hojima et al., 1985) .
Second, we determined that Szl is a competitive inhibitor of the proteolytic reaction. In the presence of a constant concentration of Szl-Fc, the apparent K m for the substrate changed while the maximal velocity (V max ) did not, indicating a competitive inhibitory kinetics ( Figure 6A ). The K i (inhibitor constant, the concentration of inhibitor at which half of the enzyme is complexed to the inhibitor) was calculated from the slope in the presence of 10 or 100 nM Szl (Dixon and Webb, 1979) and corresponded to approximately 33 nM Szl. Finally, we quantified the effects of increasing inhibitor concentration at a single concentration of substrate (Figure 6B) . Use of the Dixon plot (1/v versus [inhibitor]) allows one to determine the K i provided the K m is known (Dixon and Webb, 1979) . The K i calculated in this way was 14 nM. While this value may appear quite different than the K i of 33 nM calculated from Figure 6A , we note that both measurements are congruent with the 20 nM equilibrium dissociation Since the inhibition by Sizzled is competitive, i.e., it can be counteracted by increasing substrate concentrations, in formal enzyme kinetic terms this means that the inhibitor binds to the substrate binding site in the enzyme. Sizzled behaves as a competitive inhibitor of the enzymatic activity of Xolloidrelated because it can bind to the enzyme with a similar affinity and to the same site as its physiological substrate Chordin but is not cleaved by the Xlr protease, as shown in Figure 5F . Sizzled Inhibits BMP1/PCP Does Sizzled inhibit other Tolloid-like metalloproteinases? There are three closely related Tolloid genes in Xenopus, of which only Xlr exhibits localized expression during early development (Goodman et al., 1998; Dale et al., 2002) . We found that BMP1/PCP ( Figure 6C ) and Xolloid (data not shown) were also targets of Szl inhibition. A short artificial fluorogenic substrate for BMP1/PCP exists, which greatly simplifies enzyme kinetic measurements. This heptapeptide was originally developed to study caspases (Enari et al., 1996) but fortuitously has similarities to the cleavage recognition sites present in Procollagen-C peptides (Greenspan, 2005) . Cleavage of the fluorogenic peptide by BMP1/PCP was efficient, with a K m of 37 nM, and Szl inhibited competitively this digestion, with a K i of 18 nM ( Figure 6C ). Xlr also showed proteolytic activity on the heptapeptide substrate but with lower affinity (K m =114 nM), and Szl was able to competitively inhibit this reaction as well (data not shown).
Since an artificial heptapeptide can be competed by Szl, this strongly supports the view that Sizzled acts on the active site of BMP1/PCP and Xlr proteases, as also suggested by the competitive enzyme kinetics. We conclude that Szl is a natural inhibitor of Tolloid-like proteases.
sFRP2 Inhibits Xlr
We next investigated whether other sFRPs had biochemical activity similar to that of Sizzled/Ogon. It was found that mouse sFRP2, a commercially available protein (R&D Systems), caused a dose-dependent inhibition of Chordin cleavage by Xlr proteinase ( Figure 6D , lanes 3-6). The inhibitory activity of sFRP2 was comparable to that of Sizzled at similar concentration ( Figure 6D, lane 7) . The amino acid sequence of mouse sFRP2 is 30% identical and 45% similar to Xenopus Sizzled. Most of the similarities are found in the Fz CRD, whereas the netrin domain is not significantly conserved (data not shown). In Xenopus, the sFRP2 gene is expressed in the prospective neural plate and the Spemann organizer (Pera and De Robertis, 2000) and shares 33% identity and 48% similarity to Xenopus Sizzled. We conclude that another member of the sFRP gene family serves as an inhibitor of zinc metalloproteinases.
Endogenous Sizzled and Chordin Concentrations
Finally, we determined the amounts of Sizzled and Chordin proteins present in the Xenopus gastrula ( Figures 6E and  6F ). Embryos were dissociated and proteins secreted during gastrulation (between stages 10.5 to 12) were collected in 5 ml/embryo of Ca 2+ -and Mg 2+ -free medium. Proteins originating from seven embryos (two independent experiments) were analyzed in Western blots using affinity-purified polyclonal antibodies directed against Szl and Chd (see Experimental Procedures). Dilutions of purified Szl-HA or recombinant Chd-Myc of known concentrations (determined by Coomassie Blue staining) were used as standards ( Figures  6E and 6F, lanes 2-5) . It was estimated that each embryo secreted 0.45 ng of Szl and 1.5 ng of Chd protein ( Figures 6E  and 6F, lane 1) . Assuming that the gastrula has a total volume of 1.4 ml (Piccolo et al., 1996) and an extracellular space of about 30%, the concentration of Szl was estimated at 30 nM and that of Chordin at 33 nM, if they were distributed uniformly in the extracellular space. In the ventral and dorsal extracellular space these concentrations would be expected to be significantly higher as they originate from localized sources. The concentration of Xlr enzyme was not determined but is expected to be much lower. We find it remarkable that the substrate and the inhibitor, for which the active site of the enzyme has similar affinities, are present in vivo at comparable concentrations, which are consistent with their proposed patterning activities.
DISCUSSION
This research was initiated in an attempt to understand why knockdown of Chordin and Sizzled in Xenopus embryos produced identical phenotypes, in particular a striking accumulation of Szl transcripts in ventral ectoderm. We discovered that this phenomenon could be explained by a novel molecular mechanism mediating regulation of DV patterning. Sizzled has the sequence of an sFRP yet was found here to inhibit BMP signaling by an indirect mechanism such that:
This finding introduces a new layer of regulation to the Chordin/BMP DV patterning pathway, in which Sizzled acts as a proteolytic inhibitor of Xolloid-related, an enzyme that degrades the BMP inhibitor Chordin, releasing BMPs complexed with it. When Szl translation is blocked by MO (Collavin and Kirschner, 2003) , a negative autoregulatory feedback loop is interrupted, such that Szl transcripts accumulate in ventral ectoderm. Several lines of evidence (Figure 2) support the BMP regulatory loop outlined above: First, Szl knockdown causes an increase in phospho-Smad1 without significantly affecting the level of Wnt signaling. Second, Szl knockdown causes a reduction in the stability of Chordin protein secreted at the gastrula stage. Third, the ventralizing effects of Xlr mRNA can be blocked by microinjected Szl protein. Fourth, inhibiting Chordin proteolysis with DN-Xlr interrupts the BMP4 feedback loop. These biological experiments suggest that Sizzled controls DV patterning by regulating the levels of Chordin in the embryo. Supporting this view, Szl/ogon is devoid of anti-BMP effects in ventral half-embryos lacking the Spemann organizer.
Sizzled Is a Competitive Enzyme Inhibitor
To demonstrate that Sizzled is indeed an inhibitor of the Xlr metalloproteinase, we used a direct biochemical approach. Chordin was digested with affinity-purified Xlr enzyme. This could be inhibited by Sizzled in a concentration-dependent manner. A measure of the affinity of Xlr for its substrate Chordin is provided by the Michaelis constant, K m , which was found to be about 25 nM Chd at 25ºC. This value is within physiological range (Hojima et al., 1985; Greenspan, 2005) . The inhibition constant, K i , which represents the concentration of Sizzled at which 50% of the enzyme is bound to the inhibitor, was calculated between 13 and 33 nM. The kinetics of inhibition indicate that Sizzled is a competitive inhibitor, in which Chordin and Sizzled compete with similar affinities for the substrate binding site in the enzyme. Sizzled functions as an inhibitor, rather than a substrate, because it is not cleaved by Xlr. The affinities determined by enzyme kinetics were in the same range as the equilibrium dissociation constant, K D , calculated at 20 nM for the direct binding of purified Xolloid-related to Sizzled immobilized on a BIAcore sensor chip. We were able to estimate the endogenous levels of Sizzled and Chordin secreted into the extracellular space during gastrulation: if uniformly distributed, each would correspond to about 30 nM. In the ventral and dorsal centers, their concentrations are expected to be much higher, depending on diffusion rates. These endogenous levels are congruent with the affinity constants available for Szl, Xlr, and Chd. They are all in the low 10 ÿ8 M range and are consistent with the view that competitive inhibition of protease activity by Sizzled may indeed play a role in the physiological regulation of DV patterning. There is much genetic evidence from zebrafish supporting the molecular mechanism described here. Extensive screens identified only two ventralizing (high BMP) zygotic loci, which mapped to the sizzled and chordin genes and had very similar overall mutant phenotypes (Hammerschmidt and Mullins, 2002; Schier and Talbot, 2005) . The present work provides an explanation for why these phenotypes are similar: Chordin is the substrate and Sizzled the inhibitor of a Tolloid-like metalloproteinase. Seldom does one have such strong genetic support for the view that a particular protein (Chordin) is the endogenous substrate of a protease/ inhibitor (Tolloid/Sizzled) pair.
Zebrafish genetic studies identified a point mutation in the Fz domain that causes a complete loss of function of szl/ ogon (Yabe et al., 2003; Martyn and Schulte-Merker, 2003) . Recreating this mutation in Xenopus Sizzled greatly helped our investigations. The binding affinity of Szl D92N to Xlr was ten times lower than that of wild-type Szl in binding assays, and the mutation caused a complete loss of biological activity of the mutant protein microinjected into the blastula embryo (Figure 4) . Szl D92N was unable to inhibit cleavage of Chordin by Xlr, strongly supporting our proposal that Sizzled acts as a metalloproteinase inhibitor. We conclude that the wild-type function of Szl/ogon is to regulate the enzymatic activity of the Xlr metalloproteinase. Figure 7A shows a model of how a network of extracellular proteins may regulate DV patterning. In the ventral center, high levels of BMP4/7 signaling via Smad1 activate the expression of the BMP target genes Bambi, Crossveinless-2, Xlr, and Sizzled. Bambi (BMP and Activin Membrane Bound Inhibitor) encodes a natural dominant-negative BMP receptor lacking serine/threonine kinase activity (Onichtchouk et al., 1999 ) that strongly synergizes with Szl in knockdown experiments . Crossveinless-2 (CV-2) is a secreted protein containing five BMP binding modules similar to those of Chordin (De Robertis and Kuroda, 2004) . Xolloid-related is a ventrally expressed metalloproteinase that appears to play a critical role in DV patterning (Dale et al., 2002) . Tolloid proteolysis increases BMP signaling by degrading the BMP antagonist Chordin and releasing BMPs bound to Chordin Goodman et al., 1998; . High BMP signals inhibit the expression of dorsal center genes such as Chordin and ADMP (Anti-Dorsalizing Morphogenetic Protein). ADMP is a BMP expressed dorsally that signals only at a distance from the dorsal organizer because it is inhibited locally by Chordin and released ventrally by Xlr . Sizzled is a key regulator of Xlr activity and, interestingly, both proteins are secreted by ventral center cells. Turing (1952) proposed that an activator and an inhibitor diffusing from a single source can generate a stable pattern provided that they diffuse at different rates. Our understanding of pattern-generating systems has been further enriched by the realization that an activator that induces its own expression and that of a more diffusible inhibitor will produce stable morphogen patterns at equilibrium (Meinhardt and Gierer, 2000) ; a diagram of how this would be achieved in the case of Xolloid-related (an activator of BMP signaling) and its inhibitor Sizzled is shown in Figure 7B . On the dorsal side, a similar function has been proposed recently for the ADMP-Chordin pair . Double diffusion-reaction systems emanating from both the dorsal and ventral sides may play an important role in assuring the robustness of DV patterning by BMP signals. A critical link in this self-regulating communication between the dorsal and ventral sides of the embryo appears to be provided by the activity of the Xolloid-related chordinase ( Figure 7A ).
An Extracellular Network of DV Patterning Molecules
In the present study, we have made efforts to quantify the enzyme kinetic and binding constants of the reactions between Xlr, Sizzled, and Chordin. We think that determining the affinities of all the interactions shown in Figure 7A will be an important undertaking that will allow one to model how a network of extracellular proteins works. We find it remarkable that many of these interactions are mediated by direct protein-protein interactions in the extracellular space. The affinities of these bindings can be quantified, and for each component, gain-and loss-of-function reagents are available in the Xenopus system. This offers an excellent opportunity for investigating how protein networks regulate intercellular signaling in the extracellular space.
A Natural Inhibitor of BMP1 and Xlr
The novel protease inhibitory activity of Sizzled described here mapped to the Frizzled domain. Many proteins contain Fz domains, such as Frizzled Wnt receptors, sFRP Wnt antagonists, Collagen XVIII (a basement membrane component), Smoothened (Hedgehog co-receptor), MuSK (muscle-specific tyrosine kinase receptor), Ror (orphan RTK-like neurotrophic receptors), and zinc Carboxypeptidase Z (Xu and Nusse, 1998; Rehn et al., 1998) . The sole activity previously demonstrated for Fz domains was to bind Wnts (Bhanot et al., 1996; Leyns et al., 1997; Hsieh et al., 1999; Povelones and Nusse, 2005) , but it is possible that this module might have additional functions. Here we have provided evidence that in addition to Sizzled/Ogon, sFRP2 is an inhibitor of Xolloid-related. Other experiments indicate that mammalian sFRP3, known by the name Frzb-1 in Xenopus, and Crescent may also be enzyme inhibitors of Tolloids (A.L.A., H.X.L., and E.M.D.R, unpublished data). With at least seven sFRPs in vertebrates (sFRPs 1 to 5, Crescent, and Sizzled; Rattner et al., 1997; Pera and De Robertis, 2000) , three Tolloid-like genes (Dale et al., 2002) , and many more extracellular members of the zinc metalloprotease superfamily (Stö cker et al., 1995) , a great potential for additional signaling regulation exists. A question for the future is whether other Fz domain proteins, such as Frizzled receptors, regulate extracellular metalloproteinases as well.
Sizzled inhibited both the cleavage of Chordin and of an artificial heptapeptide substrate by Xlr and by BMP1/PCP. The observation that Sizzled is a competitive inhibitor of the digestion of a short peptide substrate indicates that Szl inhibits binding of substrate to the active site of Tolloid-like enzymes. BMP1/PCP is an enzyme of considerable interest since it is required for the carboxy-propeptide cleavage of fibrillar procollagens. Procollagens are major constituents of the extracellular matrix, with Procollagen I being the most abundant protein in the human body (Byers, 2001) . Because the Procollagen-C peptide must be removed before collagen triple helical fibers can be formed, it has been proposed that inhibitors of BMP1/PCP might serve to prevent fibrosis or excessive scar tissue formation after surgery (Greenspan, 2005) . Tolloid-related enzymes are part of the astacin family of proteases, for which no known endogenous inhibitors exist so far (Bond and Beynon, 1995; Baker et al., 2002) . Astacins are part of a much larger superfamily of zinc metalloproteinases, the Metzincins, that degrade the extracellular matrix (Stö cker et al., 1995; Baker et al., 2002) . Identifying the peptide sequences in Sizzled that block the BMP1/ PCP active site could help in the rational design of specific inhibitors of extracellular metalloproteinases with potential therapeutic value.
EXPERIMENTAL PROCEDURES
Morpholino Oligos and Embryonic Manipulations
Antisense MOs (Gene Tools LLC) were as described: Chd MO (Oelgeschlä ger et al., 2003), Szl MO (Collavin and Kirschner, 2003) , and BMP2, BMP4, BMP7 MOs . Each MO was microinjected four times radially into 2-or 4-cell embryos (34 ng total). Bisection experiments were performed at stage 9 in 0.3 Â Barth solution . Spemann organizer transplantations were as described (Oelgeschlä ger et al., 2003) . For mRNA microinjection, 200 pg of Xenopus Sizzled (Pera and De Robertis, 2000) , 400 pg SzlFz, 400 pg Szl-NTR, 400 pg BMP4, and 1 ng of Xlr or of its dominantnegative Y286N missense mutant (DN-Xlr) form (Dale et al., 2002) were used. Affinity-purified Szl-Fc or Szl D92N -Fc proteins were microinjected (25 mM, 40 nl) into the blastocoele at mid-blastula (stage 8). Procedures for mRNA synthesis, whole-mount in situ hybridization and RT-PCR are available at http://www.hhmi.ucla.edu/derobertis/index.html.
Biochemical Methods
Xenopus Sizzled-HA, Xlr-PC, and Xlr-Flag were tagged at the C termini by PCR. For purification at high concentration, Szl-Fc was generated by fusion of a PCR fragment containing the heavy chain constant domain of human immunoglobulin (from EST gi: 61216116) to the C terminus of Sizzled. Szl-Fz encompassed the first 155 residues up to Ser155. Szl-NTR was generated by internal deletion of the frizzled module from Cys27 to Cys136 with a Glu and a Leu insertion resulting from the restriction enzyme linker. For Szl D92N -Fc, site-directed mutagenesis Quikchange kit (Stratagene) was used. Proteins were produced by transient transfection (Fugene, Roche) of HEK 293T cells. Secreted proteins in conditioned media were then affinity-purified using PC (Roche), Protein A (Sigma), or HA beads (Covance) according to manufacturer's instructions. Endogenous Chordin was detected with blot-purified a-I-Chd antibody as described in Oelgeschlä ger et al. (2003) and endogenous Szl was detected using 1:5000 dilution of anti-Szl antibody. A synthetic peptide encompassing the final 50 residues of Xenopus Sizzled was used to immunize rabbits (Covance) and affinity-purified using the same antigen. Phospho-Smad1 was detected in stage 10.5 whole embryos using a-phospho-hSmad1 antibody (Persson et al., 1998) . Immunoprecipitation of Szl-interacting proteins was performed with conditioned media containing Xlr-Flag, S2-produced Xwnt8-Myc (Hsieh et al., 1999) , or baculovirus Chd-Myc (Piccolo et al., 1996) and pulled down with Szl-Fc or Fc alone following methods described in . The reciprocal pulldown was performed with Xlr-PC on anti-PC agarose beads followed by Szl binding and elution with EDTA as described by the manufacturer (Roche).
Surface Plasmon Resonance Analysis
Surface plasmon resonance (SPR) measurements were performed in a BIAcore 3000 system. Protein A (Sigma) was dissolved at 10 mg/ml in 10 mM sodium acetate (pH 5.0) and immobilized on a CM5 sensor chip using the amine coupling method to a level of about 2500 response units. Binding and washes were performed in Xld Buffer using affinity-purified proteins dialyzed in the same buffer. Each experimental cycle consisted of an initial flow of 300 mg/ml Szl-Fc or Szl D92N -Fc into the respective flow cells to pre-bind Sizzled prior to the flow of Xlr-PC at various concentrations. After each cycle, chip surfaces were regenerated by removing noncrosslinked proteins with 10 mM HCl. Data were analyzed with BIAevaluation 4.1 software and curve-fitting was done with the assumption of one-to-one binding (Wang et al., 2003) .
Xlr and BMP1 Enzymatic Digestion Assays
For in vitro digestion, 30 nM Chd-Myc produced in baculovirus (Piccolo et al., 1996) was incubated in Xld Buffer with affinity-purified Xlr-Flag containing the indicated concentrations of Szl-Fc, Szl   D92N -Fc, or sFRP2 (R&D Systems, carrier-free) at 25ºC for 2 hr. Western blots were visualized with Pico chemiluminescent substrate (Pierce). For kinetic studies, the chemifluorescent ECL-plus substrate (Amersham Biosciences) was used and quantified on a Typhoon 9410 blot imager (GE Healthscience). Synthetic peptide digestions with Xlr-Flag or BMP1 conditioned media were performed in microtiter plates with increasing concentrations of the fluorogenic peptide, Mca-Y-V-A-D-A-P-K(Dnp)-OH (R&D Systems), in the presence or absence of Szl and monitored on a fluorescent plate reader (excitation = 320 nm, emission = 405 nm). Initial velocities were determined from the rate of fluorescence increase over the first 15-60 min time course.
Supplemental Data
Supplemental data include four figures and can be found with this article online at http://www.cell.com/cgi/content/full/124/1/147/DC1/.
